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ABSTRACT

Hyperspectral infrared atmospheric sounders (e.g. the Atmospheric Infrared Sounder (AIRS) on Aqua and the Infrared
Atmospheric Sounding Interferometer (IASI) on MetOp) provide highly accurate temperature and water vapor profiles
in the lower to upper troposphere. These s ystems are vital operational components of our National Weather Prediction
system and the AIRS has demonstrated over 6 hrs of forecast improvement on the 5 day operational forecast'. Despite
the success in the mid troposphere to lower stratosphere, a reduction in sensitivity and accuracy has been seen in these

systems in the boundary layer over land. In this paper we demonstrate the potential improvement associated with higher
spatial resolution (1km vs currently 13.5 km) on the accuracy of boundary layer products with an added consequence of
higher yield of cloud free scenes. This latter feature is related to the number of samples that can be assimilated and has
also shown to have a signif icant im pact on im proving forecast acc uracy. We also present a set of fre quencies and
resolutions that will improve vertical resol ution of tem perature and water vapor and tr ace gas spe cies throughout the

atmosphere. Development o fan Advanced Low Earth Orb it (LEO) Sounder (ALS) with th ese i mprovements will

improve weather forecast at the regional scale and of tropical storms and hurricanes. Improvements are also expected in
the accuracy of the water vapor and cloud properties products, enhancing process studies and providing a better match to
the resolution of future climate models. The i mprovements of technology required for the ALS are consistent with the
current state of technol ogy as demonstrated in NASA In strument In cubator Pr ogram and NO AA’s Hy perspectral
Environmental Suite (HES) formulation phase development programs.
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1. INTRODUCTION

Hyperspectral infrared spectrom eters li ke the Atm ospheric Infrare d Sounder (AIRS) on the NASA Aqua Spacecraft

have demonstrated positive forecast im provement when assimilated into weather prediction models at major Numerical
Weather Prediction (N WP) centers worldwide. AIR S has also been extremely valuable in understanding processes
affecting climate, particularly with respect to water v apor and clouds and atmospheric composition of key greenhouse
gases including CO,, CHy, O; and CO. Additional forecast impact is anticipated from the IR so unders as ¢ omputing
power at the NWP centers improves, but we are already seeing the limitations in these systems associated with the low
(13.5 km) hori zontal spatial resolution (HSR). A si gnificant reduction in yield and accuracy occurs over land in t he
boundary layer indicative of lack of knowledge of the surface e missivity. Unfortunately NWP models have the lowest
accuracy in the boundary lay er where the sounders could have the most impact. Additionally, clim ate models require
good knowledge of the surface atmosphere exchange of water vapor and of cloud process studies requiring higher HSR.

Higher accuracy and yield are all possible with the latest advancements in focal plane and optics technology developed
over the last 10 years. La rge format focal plane arrays allow slowing th e scan rate to improve dwell time allo wing
smaller instantaneous fields of view. Wide field optics now image the large focal planes onto the scen e co llecting
maximum i llumination area while m inimizing a perture size. The N ASA I nstrument Inc ubator Program fun ded t he
development of the Spaceborne Infr  ared Atm ospheric Sounder (SIRAS) *an d N OAA f unded t he Hy perspectral
Environmental Sui te (H ES) both o f w hich devel oped grating an d | arge fo rmat focal pl ane t echnology with di rect
relevance to the ALS.

*Thomas.S.Pagano@jpl.nasa.gov, (818) 393-3917, http://airs.jpl.nasa.gov



2. IMPROVEMENTS

2.1 Current Sounder Performance

Temperature and water vapor accuracy of the AIRS instrument and retrieval system meet expectations as indicated in the
literature®. Figure 1 shows the AIRS Ve rsion 5 tem perature product accuracy com pared to ECMWF along wit h the
corresponding yield using the same technique discussed in the referenced document. Plots are given for land and ocean
cases. From the RMS te mperature the first obvious feature is that retrievals over ocean are much better than over land.
There are two p ossible ex planations for this behavior, of which most lik ely bo th are respo nsible. First, the surface
emissivity over ocean is almost unity and subject to lower uncertainty. Second, the ocean scene is uniform causing less
variability and correspondi ngly less uncerta inty in the surface emissi vity. The surface uncertainty then propagates up
into the troposphere and increases overall uncertainty in the profile.

Figure 4b shows the yield vs altitude. A rigorous quality control system in the AIRS retrieval system accepts retrievals
with sufficient accuracy and rejects those without. The current retrieval system (version 5) shows a considerable drop in
yield from over 60% over ocean to 15% over land. We have made improvements in the surface em issivity retrieval in
Version 6 but the yield is not expected to improve substantially.

LAYER MEAN RMS TEMPERATURE (°C) Percent of Accepted AIRS/AMSU Retrievals
GLOBAL DIFFERENCES FROM ECMWF As a Function of Height
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Figure 1 (left). RMS Accuracy of AIRS temperature profile over ocean (black curve) and land (grey curve).
Corresponding yield for ocean and land surfaces

2.2 Boundary Layer Improvement

A factor of 2 or m ore im provement is a nticipated in t he accur acy of boundary la yer products with hi gher s patial
resolution. Th e im provement co mes fro m th e redu ction in scene variability at the higher sp atial reso lution. Scen e
variability wil | co ntribute to th e o verall tem perature error and con sequently th e u ncertainty o fall t he g eophysical
products. We demonstrate the anticipated improvement by examining the variability of a clear scene taken from MODIS
data. Figure 2 gives s hows an image of MODIS s urface temperature for the Southe rn California area on September 1,
2004. The MODIS Surface Temperature data from Version 5 are plotted in this image. Overlain on the figure is a route
that the author takes from work at JPL in Pasadena to his home in Ventura county. This route was selected on this day
because of the high tem  peratures an d hi gh variability traversi ng from the in land valley tot he coastal re gion.



Figure 3 sh ows the MODIS temperatures and the
data taken by the author’s car during his commute
home that same day. T he MODIS data are offset
by -15F t o match in-situ s urface air te mperatures
taken by the car. The general trend of the surface
temperatures from MODIS and t he car
temperatures are similar but the nee d to offset the
MODIS data indicates th  ere is a considera  ble
gradient from the surface to the atm osphere just
above the surface, or ther e is a problem with the
MODIS surface temperature product in Version 4.
Car tem peratures are not ¢ xpectedt o be off by
more than 1-2 d egrees. Th e v ariability in the
MODIS surface temperature are used to determine
the effect of HSR on the uncertainty in the lo cal
temperature of the scene.

We measure the surface tem perature variability vs
horizontal res olution by cre ating eq ual si ze bi ns
along the route and filling them with the MODIS
data that are within the range of the bin. We then
take the standard deviation of the data in each bin
and a verage them toge tanoverall average
variability for a given HSR. We then rep eat the
process with anew binsize. The resultisan
average standard deviation as a function of HSR as
showni nFi gure4 . Th est andard d eviation
represents the scene variability that we will have to
contend within  ad ditionto th eretriev al
uncertainty. The ob served st andard deviation at
the AIRS resolution (13.5km) is about 4K. When
we reduce t he horiz ontal bin size to 1km , the
standard deviationi s abo ut2K. Thi s major
improvement isin dicative o fth eb enefitso f
horizontal re solution on accuracy oft he
temperature product. Th e benefit to surfa ce air
temperature most lik ely will n ot be as h igh since
the mixing at t he surface results in less horizontal
variability as indicated by the car data.

2.3 Yield of Cloud Free Scenes

We anticipate a considerable improvement in yield
of cloud free scenes with improved HSR. Krigner
et. al use MODIS data to determine the fractional
clear for a tota ] of 1K radiometric contamination®.
For this I evel of co ntamination, t hey fo und 2%,
12%, and 32% for 1 00km, 15 km, and 1 k m HSR
respectively. Th islev el o fcon taminationi s
considerably higher th an whatisn eeded forthe
atmospheric te mperature ret rievals. From these

results we can expect a factor of 3 improvement in
fractional cloud free scenes.

measured by MODIS. Overlain in red is authors commute route.
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Figure 3. Surface Temperatures from MODIS for September 1, 2004
along commute route. Also shown are temperatures recorded by
author’s car on the same day.
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Figure 4. Standard Deviation vs Bin Size (HSR) for the route

temperatures obtained by MODIS. A 2x improvement is seen with
higher spatial resolution (smaller bin size).



Aumann et. al. show that at the AIRS resolution (appX.  Tupie 1. Estimation of Yield per day for ALS
15 km) only 0.2%-0.5% are truly clear for a radiometric

cloud co ntamination of 0 .2K’. Theses tudies we re Parameter Value
performed to validate AIRS radiances using Sea Surface AIRS

Temperature. Aum ann s hows 7000 cloud free pixels  [Total Number of AIRS L1B 2916000
per day with AIRS resolution are truly cloud free. The  [Fraction Clear with AIRS 0.002400549
ALS with 1km HSR will have 182x more samples than ~ |Number of True Clear from AIRS L1B 7000
the AIRS p erunitarea. Combine th is with th e 3x 3x3 Cloud Cleared Samples 324000
improvement in probability of finding clear and we can  |Fraction Passed with Clouds 0.8
expect 3.8M pixels that are totally cloud free. The total Total Remaining AIRS L2 Retrievals 259200
number of sam ples ( clear an d cloud y) obtained from  [47¢ -

AIRS is 2.49M. AIR S retriev als con sist of 3 .x3 AIRS  Wumber of AIRS/ALS L1B 182.25
raw footprints giving a t otal of . 324000 retrlevals.per T otal Number of ALS L 1B 531441000
day. Of these 80% are passed with the “cloud clearing” Vield due to Clouds 3
process. That leaves 259200 retrievals remaining. This

means that the ALS should be able to achieve 10x more || °@! Factor Improvement >46.75
samples a t full 1 km h orizontal reso lution withoutthe [\ umber of True Clear from ALS L1B 3827250
need of ¢l oud clearing. If cloud clearingisus ed, a  [PX3 Cloud Cleared Samples 59049000
reduction of 9x will be obtained, but the yield will go  |Fraction Passed with Clouds 0.8
from 0.2% to 80% giving almost 48M samples per day. Total Remaining ALS L2 Retrievals 47239200

3. IMPACTS
3.1 Weather Prediction

Improvements in the boundary layer temperature and water vapor accuracy from higher resolution infrared sounders are
expected to have positive impact on the operational and regional forecast accuracy. Studies by Leibner et. al have shown
that assimilati on of “clim atological in formation offshore in co mbination with observed con ditions near th e co ast”
produced a positive impact to the 12-hour and 24-hour forecast. Improvements were seen in PBL depth (by 65%) and
marine inversion strength (by 41%)°. Th e fact that initialization o f models with in-situ o bservations in the boundary
layer has demonstrated a po sitive impact should be no different than assimilation of satellite data provided the satellite
information is sufficiently accurate i n this region. Tem perature and water vapor accuracy of the AIRS produc ts as
shown above in Figure 1 ha ve demonstrated the acc uracy above 500-600 mb to have forecast im pact, but the lowest

levels have yet to be sufficient to have an impact over land.

There are t wo additional be nefits to higher accuracy. The hi gher yield of observations produces more cloud free
observations, as well as m ore observations per unit area. The benefit of more observations per unit area is not from a
noise point of view because there are c orrelations at all sc ales that limit noise performance. It is th is correlation itself
that we are trying to reflect in the boundary conditions of weather and climate prediction models.

The significantly higher yield from the ALS has the potential to greatly improve weather forecast. E arly results from
LeMarshal presented at an AIRS science team meeting showed another 6 hour improvement in the 5 day forecast with
assimilation of all 18 FOV’s of AIRS rather than 1 in 18 which was respo nsible for the 6 hour improvement already
achieved. At this time, most NWP centers do not have the capacity to assimilate all AIRS footprints, but hopefully will
within the next few years. We must also realize that as computing power increases the model resolution will improve
and the current operational sounders will not have sufficient resolution to initialize these more advanced models.

3.2 Climate Processes: Water Vapor, Clouds and Greenhouse Gases

Infrared sounders h ave p roven v aluable in understanding the processes aff ecting water v apor tr ansport and clo ud
formation in the atmosphere. For example, recent studies by Gettelman and Fu show using AIRS and model data that as
surface tem peratures increase, water va por in the upper t roposphere increases preserving a ¢ onstant relative humidity
and producing a po sitive feedback’. The question remains in how a positive water vapor feedback will react to make
clouds. MODIS has proven highly effective in characterizing clouds with its 1km horizontal spatial resolution, however
the added hyperspectral information in the AIRS has shown to be more capable of separating clouds into ice and liquid
phases®. Discussions with the authors of this latter p aper indicate that having the high spatial resolution of the MODIS
combined with the hyperspectral resolution of the AIRS would be a major improvement in cloud process science.



A final major side benefit of the

ALS willbeth eab ility to AIRS 45 km HSR MODIS 1 km HSR
monitor so urces and  sinks of Carbon Monoxide Visible + Fire Band
greenhouse g ases w ith -

unprecedented res  olution and

coverage. C urrently t he AIR S
instrument has dem onstrated t he
abilityto o bserve carbon

monoxidea ndm ethane at . ' { _. | | Advanced
horizontal res olutions of 45 km, _ ; ./ | LEO
and carbon dioxide at horizontal A | Sounder
resolutions of 20 Okmal 1 with | B s G

. . assuile.. . ases
global daily coverage. The ALS s % ; at Tkm

will have th e ability to p roduce HSR m -~
greenhouse gases at the scal ¢ of e

MODIS observations (Figure 5). === - o e i -
The b enefits in clude m onitoring Figure 5. ALS will produce greenhouse gases like AIRS, but at high spatial
emissions fr omnat ural and resolution like MODIS

anthropogenic bur ning,

identifying sou rces an d sinks o f gr eenhouse g ases fo r cli mate scien ce an d m onitoring em issions f or v erification of
compliance with government regulation and international treaty verification.

3.3 Validating Climate Models

AIRS data have proven highly effective in validating water vapor in climate models. Pierce et. al have observe d a wet
bias in the upper troposphere compensated by a dry bias in the lower troposphere in 9 of the major climate models used
in the 2007 IPCC clim ate forecast predictions’. Alth ough the consequences of this bias are unknown at this time, the
bias was only found due to the hyperspectral information content in the AIRS data. Satellite systems provide the data
sets from the global vantage point allowing comparison with global scale models.

As model resolution improves it will be necessary to improve the observations as well. Current grid scales of models are
in the 100 km range, but models developed for process studies can be as high as 4 km today. These models cannot be
validated with a system observing at 13.5 km and producing products at 45 km as is the case with AIRS. A prior work
by Pagano, et. al demonstrates that validation of a model of a given resolution must have observations as good or better
than the model itself in order to minimize errors due to the observations filtering out process in the model o f spatial
frequencies higher than the Nyquist frequency”.

4. REQUIREMENTS SUMMARY AND TECHNOLOGY ASSESSMENT

Table 2 gives the spectral and spatial resolution and coverage for the ALS'". The ALS should scan £55° to give full
global coverage twice daily in support of tracking hurricanes, monitoring transport of water vapor and greenhouse gases
and monitoring emissions of carbon dioxide. The spectral ranges allow for measuring the key greenhouse gases as done
with AIRS but extended to do a better job of carbon monoxide, N,O and HNOs.

Designs and rationale for the ALS have been examined in the past under the instrument name of the Advanced Remote-
sensing Imaging Emission Spectrometer (ARIES)'*'*!*!>16 " The instrument will make use of area arrays of HgCdTe of
modest size (512x512) to produce a wide field of view allowing a slow can rate for signal integration. This makes up for
the small instantaneous field o f view and slig htly higher sp atial reso lution than AIR S. Fo cal p lane asse mblies a nd
optical sy stems have bee n demonstratedi nt he NASA Instrument Inc ubator P rogram and NOAA’s GOES-R
Hyperspectral Environmental Suite Form ulation Phase de monstrations. A num ber of space qualified cryoc oolers are
available with sufficient capacity and flight heritage to be useful for the ALS applications. Raw internal data rate will by
high for the ALS consistent with the high information content. Techniques for data selection have been investigated and
also presented in the same references.



Table 2. ALS Spectral, Spatial and Radiometric Requirements Summary*

SWIR MWIR LWIRI LWIR2
Vmax (cm’™!) 2100 1150 880 650
Vmax (cm™) 2950 1613 1150 880
Aemin (m) 3.396.20 8.70 11.36
Amax (Lm) 4.76 8.70 11.36 15.38
MAA 2227 2585 1887 1552
A, Av 1.1 cm? 0.5cm™ 0.5 em™ 0.5 cm’
Nehan 787 999 637 674
IFOV (km) 1.00 1.00 1.00 1.00
NEdT 0.15K 0.3K 0.3K 0.5K

5. CONCLUSIONS

The Advanced Low Earth Orbit (LEO) Sounder will provide a significant i mprovement in boundary layer accuracy and
sensitivity while also providing the higher spatial resolution and improved accuracy of all curren tly available infrared
sounder products. These p roducts i nclude hi gher s patial resol ution t emperature an d wat er va por profiles, s urface
temperature and emissivity, cloud properties and trace gas properties. A significant improvement in forecasting regional
and gl obal weather a nd se vere st orms i ncluding hurricanes a nd t ropical cy clones i s ex pected. Improvements are
expected also in climate and weather process descriptions and in validation of the next generation of climate models.

Work must be ginnow onthe ALS in order foritto beready forthe post NPOESS ge neration of sensors by the
Integrated Program Office, and for the anticipated need for monitoring greenhouse gases in support of carbon trading
legislation, and finally for the lives it will save by improving hurricane prediction worldwide.
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